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Abstract 
The microstructure and size distribution of water-in-oil (W/O) particles of micro-emulsified diesel (MED) with different 
cosurfactants were measured by High Resolution Transmission Electron Microscopy (HRTEM) and Nano-Laser Particle Size 
Analyzer (NLPSA). The combustion and explosion performance of MED with different cosurfactants were measured by the 
sustainable combustion performance testing device and explosion performance testing device for liquid fuel. The results show 
that the average particle size of MED which uses octanol as cosurfactant is smallest as 16.1 nm and has good size distribution 
uniformity. Flash point of MED is slightly higher only when using octanol as it’s cosurfactant. The fire resistant abilities order of 
different MED is that octanol > decanol > hexanol > pentanol >n-heptanol. Comparing with -No.-10 diesel, the maximum 
explosion pressure and pressure rise rate after MED decreased by 0.09 MPa and 1.34 MPa/s, respectively. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The oil reserve in the world is decreasing day by day, which attracts the world’s attention on the development of 
new energy, and the trend to use alternative fuels and emulsified oil in the engine is accelerating as well. Micro- 
emulsified diesel (MED) is a kind of highly stable micro-emulation solution [1] with clear and transparent outlook, 
which is made by mixing a certain amount of water, the primary emulsifier and co-emulsifier in the diesel fuel. The 
micro-emulsion diesel that replaces the ordinary diesel in the engine can improve the combustion efficiency, and 
effectively reduce the emission of CO and NOx [2−3]. There is another development value in micro-emulsified 
diesel, namely fire resistant and explosion suppression function. Weatherford [4−5] and Gillberg [6] et al. reported 
respectively the research progress of adding middle distillate in the water-in-oil micro-emulsion to serve as a fire 
resistant fuel formulations. The fire resistant fuel can reduce its flammability by self-extinguishing pool fire, even at 
temperature above the flash point of the base fuel. Weatherford and Naegeli [5] studied the mechanism of self-
extinguishing pool fire of the watering micro-emulsion diesel, as well as proposed unique idea on the development 
of watering fire fuel. 
Since 1960s, United States and Russia have engaged in the modification research on the fire resistant and 
explosion suppression of oilseed. Under the premise of satisfying the operation of the engine, the combustion 
performance of the oilseed is reduced by adjusting the diesel combustion. When facing artillery attacks, the oil can 
not only slow down the explosion, but also inhibit the fire from spreading and burning in large scale, and even fire 
self-extinguishing can be achieved in order to protect personnel and armored vehicles [7−9]. The research 
significance and application value of fire resistant and explosion suppression function of MED is not confined to 
national defense and military fields, it also has good safety effect on the other civilian vehicles. Since tanks of the 
civilian vehicles are not protected by the armor, terrorists will make buses and other civilian vehicles combustion or 
explosion only by rockets or explosives. Vehicles, used in special circumstances, such as fire-engine, if used MED 
with fire resistant and explosion suppression function as fuel, it will improve their safety and reduce the risk of 
casualties, and bring huge improvement in public safety. 
2. Experimental process 
2.1. Materials and reagents  
NO.-10 diesel, taken from the Shanxi Depot; oleic acid (AR), taken from Tianjin Kemiou Chemical Reagent Co., 
Ltd.; monoethanolamine, n-pentanol, n-hexanol, heptanol, octanol, decanol (AR), taken from Shantou Longxi 
Chemical Plant (Guangdong); deionized water, laboratory-made. 
2.2. Instruments 
ES3200 electronic balance, Beijing Jinkelida Instrument Co., Ltd.; YBN-2 type petroleum product viscosity 
meter, Shanghai Sunshine Scientific Instrument Manufacturing Co.Ltd.; DSY-002A type closed flash point tester, 
Dalian Ruigao Automation Co., Ltd.; PSA-70X type freezing point, pour point and solidifying point tester, Canadian 
Phase Technology Company; Tecnai12 type high-resolution transmission electron microscopy (HRTEM), Dutch 
Philips Company; Zetaplus Zeta potential analyzer nano laser particle  analyzer (NLPSA), Brookhaver Instruments 
Corporation (United States); liquid fuel continuous combustion performance measurement device, the liquid fuel 
explosion performance evaluation device, researched and developed independently. 
2.3. Experimental methods 
2.3.1. Preparation of Micro- emulsified diesel 
Add the oleic acid and monoethanolamine to the conical flask by a certain percentage and stir them well, then 
formulated anionic emulsifier. Fix the quality of stationary diesel and emulsifier, added them into the conical flask 
and fully shaken it, and then added water to the system to obtain a cloudy emulsion. Add dropwise auxiliary alcohol 
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with a dropper alcohol, fully shaken and stirred for a clear, transparent micro- emulsion. Repeat the above steps until 
the system was not transparent by adding the alcohol ensured the mass fraction of water was 10% of the entire 
system. Record the amount of a diesel opaque, emulsifiers, alcohol and water added before the system became 
transparent thoroughly. The dosage of various components of the oil sample is shown in Table 1. 
Table 1. Component proportion of used micro-emulsified diesel. 
Sample NO. Diesel / wt% Emulsifier / wt% Cosurfactant / wt% Water/ wt % 
1 72 10 8 10 
2 72 10 8 10 
3 72 10 8 10 
4 72 10 8 10 
5 72 10 8 10 
2.3.2. Microstructure characterization 
During the experiment, put a drop of micro-emulsified diesel in the copper grid coated with Formvar support film, 
and then observed it under the transmission electron microscope after dry naturally. 
2.3.3. W/O particle sizing measurement 
Turn on the instrument and warm-up half an hour before the experiment, set the parameters of refractive index, 
setting diesel as 1.46 and water as 1.33. Rinse the cell repeatedly for 3 to 5 times with a sample to be measured, and 
then put the cell with the test sample into the instrument. The experimental temperature was 25 ć, the test time was 
120s. 
2.3.4. Analysis of physical and chemical properties 
Measure three physical and chemical performance indexes (the flash point, condensation point and viscosity) of 
MED in turn according to the national standard methods. Experimental methods are GB / T 261 " Determination of 
the Flash Point of Petroleum Products’ (closed cup)" [10], GB / T 510 " Determination of Condensation Point of 
Petroleum Products" [11] and GB / T 265 " Determination of Kinematic Viscosity and Calculation of Dynamic 
Viscosity of Petroleum Products" [12]. 
2.3.5. Combustion and explosive performance test 
(1) Combustion performance: firstly took 2 mL sample into the sample cell during the experiment, heated for 30 s 
at 100ć and continuously ignited for 15 s, then moved away from the igniter. The device automatically recorded 
sustainable combustion time of the sample according to intensity of the flame thermal radiation. 
(2) Explosive performance: Firstly, connected the igniter to the electronic ignition device in the experiment, 
injected 50 mL samples into the fuel sample chamber, and then sealed the apparatus and sample chamber. When the 
sample chamber was filled with high-pressure air, the air released the sample instantaneously. After diffusion on the 
distribution plate, ensured the sample was uniformly dispersed into the explosion warehouse in aerosol form. The 
computer controlled automatically the ignition to detonate the liquid fuel aerosol, and recorded pressure changes in 
the explosion procedure through the built-in pressure sensor. The explosion performance of MED was characterized 
by the pressure and pressure rise rate after explosion. 
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3. Results and analysis 
3.1. Influence of co-surfactant on the microstructure 
3.1.1. Influence of different co-surfactants on the morphology 
Fig. 1 shows HRTEM photographs of MED with different auxiliary alcohols. The light-colored dots are droplets, 
while the dark parts are dispersed diesel for the MED viscosity is higher than that of ordinary diesel, diesel phase 
will leave some residual oil on the copper sheet after MED being dried. After water in the dispersed phase is 
completely evaporated, numerous nanoscale holes will form in the original water droplets’ dispersed locations. 
When TEM electron beam irradiates the samples, the amount of electrons penetrating the density becomes less, 
while the amount of electrons through the thin is more. The electron beam after penetrating samples carries the 
internal information of the samples, image through the objective lens’ focusing and converging and comprehensive 
enlarging. As can be seen, the use of MED with different cosurfactants can form micro-emulsion in W/O structure; 
the difference is that the dispersed phase droplets have different size and distribution uniformity. 
In the Fig. 1, Photo (1) is MED with n-amyl alcohol as co-surfactant, water droplets disperse more even and tight, 
W/O particle size is about 40 ~ 50 nm; Photo (2) is MED with n-hexyl alcohol as co-surfactant, from the photo we 
can see that dispersion of droplets is not very good, water droplets are more likely to appear in a certain area, but 
W/O particle size is smaller than that of Photo (1), about 20 - 30 nm; Photo (3) is MED with heptanol as co-
surfactant, most of the W/O particle size is about 30 nm. It can be seen from the photos that water droplets will be 
reunited if taking n-heptyl alcohol as the co-surfactant. This shows that if taking heptanol as the co-surfactant, 
strength of the oil-water two-phase interfacial film is weaker; Photos (4) is MED with n-octanol as co-surfactant, it 
can be seen that droplets have very small particle size at this time, which is about 25 nm and dispersed relatively 
uniform, W/O particles’ distance is relatively large; Photo (5) is the SEM image of EMD with n-decyl alcohol as co-
surfactant, sizes of droplets are found with more difference, the large W/O particle size is up to 100 nm or more, 
while the small is in 30 nm or so. 
 
                            
 
Fig. 1. HRTEM photographs of MED with different Cosurfactants. 
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3.1.2. Impact of the co-surfactant on the W/O particle size 
Use Zetasizer to measure the W/O particle size of the micro-emulsion diesel, and get volume fraction of particle 
size in different ranges. Utilize formula (1) as follow to calculate the average particle size. 
                                                                    
v
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 ¦                                                              (1) 
where id  is particle size (nm), and iw is the volume fraction (%).  
The volume fraction, smaller than a certain particle size, can be obtained by using cumulative method , utilize the 
origin to draw pictures, take the particle size as the x-coordinate and volume fraction smaller than the particle size as 
the y-coordinate, d10, d50 and d90 can be calculated approximately as Fig. 2. Use the span to characterize the particle 
size uniformity. 
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Fig. 2. Distribution curve of particle size. 
The span can be definite as follow: 
                                                        90 10 50p ( ) /S an d d d                                                              (2) 
d10, d50 and d90 in the formula are particle sizes, respectively corresponding to the volume fraction cumulative of 
10%, 50% and 90%. According to formula (2) and the method of Fig. 2, the particle size parameters of the micro-
emulsion diesel are calculated as Table 2 shows. 
Table. 2 Particle size parameters of MED. 
Sample NO. d10/nm d50/nm d90/nm Span dAvg/nm 
1 16.28 23.8 40 0.99 28.0 
2 10.6 15.2 24.2 0.89 17.7 
3 9.7 14.3 23.9 0.98 16.8 
4 9.5 13.4 22.3 0.96 16.1 
5 13.2 19.5 36 1.17 23.9 
 
Fig. 3 is the curve of particle size distribution of MED. It can be seen from Fig. 3 that W/O particular size 
distributions of different co-surfactants are similar to the normal distribution. No.1, No.2, No.3, No.4 and No.5 
EMD’s W/O average particle size is 28.0 nm, 17.7 nm, 16.8 nm, 16.1 nm and 23.9 nm respectively. Different W/O 
particles have different dispersion, the No.2 sample’s minimum span is 0.89, indicating that the particle size 
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distribution is relatively concentrated; the No.5 sample’s largest span is 1.17, indicating particle size distribution is 
more dispersed at this time. 
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Fig. 3. Particle size distribution of MED. 
It can be seen that the particle size measured by HRTEM is larger than NLPSA measured results by comparing 
the results of HRTEM and NLPSA. It is because particle size in the HRTEM photographs is counted by numbers, 
while laser particle size analyzer counts particle size by volume. However, two different statistical methods reflect 
one tendency, namely with the increase in the number of cosurfactant alcohol carbon atoms, the span of MED W/O 
particular size distribution curve firstly decreases and then increases, this change tendency is similar to average and 
median particle sizes (d50). It is because when the micro-emulsion system uses different alcohols as co-surfactants, 
the co-surfactants have different hydrophilic-lipophilic performance, leading to different strength of the interfacial 
film. Thus, it results in a different probability of collisions between droplets, and the interface membrane strength is 
reduced, the water coalescence effect is enhanced. Moreover, the particle size increases and distribute wider. On the 
contrary, the interfacial film strength increases the probability of water collision decreases, particle size decreases 
and distribute evenly [13−14]. 
3.2. Measurement results of physical and chemical properties 
Table 3 lists the indexes of physical and chemical properties of the different co-surfactants MED. According to 
Table 3 we can see that the flash point of NO. -10 diesel is 84 ć, and MED flash points are lower than that of NO. -
10 diesel except No. 4 sample, it is because that when the MED evaporates after absorbing heat, the cosurfactant 
alcohol and water droplets evaporate quickly at the same time [15], the mix of the alcohol vapor and oil vapor will 
reduce the flash point, while the water vapor can raise the flash point. Raising or lowering of MED flash points is 
depended by the better function between alcohol vapor and water vapor. 
Compared with NO. -10 diesel, MED solidification points have no significant changes, it can be seen that 
different co-surfactants do not affect the system’s solidification point; the reason may be that the MED water exists 
in the form of nanoscale "water in oil" particles. When the temperature falls below 0ć, the water may solidify, but 
all water is dispersed in different "water in oil" particles, while the continuous phase (the oil phase) between the 
particles does not reach the solidification temperature, the low temperature flow properties of the oil has not been 
affected. 
Different co-surfactants MED viscosity varies greatly. Viscosity of the micro-emulsion system taking n-amyl 
alcohol and n-hexane as the co-surfactant is three times more than that of NO. -10 diesel; while viscosity of the 
micro-emulsion system taking n-heptanol, n-octanol and n-decanol as the co-surfactant is about 2 times that of NO. -
10 diesel. It is because two-phase liquid happen the shear deformation, there is interfacial tension between the two 
phases besides the internal friction of the liquid, greater tension has larger viscosity. 
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Table 3. Physical and chemical properties index of fuel and MED. 
Sample NO. Flash point/ć Condensation point/ć η20 /(mm2·s-1) 
-10# 84 -14 4.007 
1 67 -12 12.349 
2 72 -14 12.522 
3 82 -16 7.028 
4 85 -14 8.443 
5 74 -14 8.504 
3.3. Test results of explosive performance 
3.3.1. Combustion performance 
Fig. 4 shows sustainable combustion time curves of the MED with different co-surfactants and NO. -10 diesel. 
As can be seen from the figure, the sustainable combustion time of MED is significantly less than that of NO. -10 
diesel. In 4 # and 5 # MED with n-octanol and decanol as the co-surfactants cannot combust continuously; while 1#, 
2# and 3# MED with n-pentanol, n-hexanol and n-heptanol as co-surfactants only combust 124.3 s, 123.5 s and 
155.9 s respectively. It is because when the sample evaporates after absorbing heat, water is evaporated into water 
vapor since water with dispersed phase has lower boiling point than oil with continuous phase. Heat absorption and 
cooling plus of air isolation of water vapor is reflected in shortening time of sustainable combustion. Compared with 
fire resistant capacity with different n-alcohols as co-surfactant, the order is n-octanol > n-decanol > hexanol > 
pentanol > n-heptanol. 
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Fig. 4. Sustained combustion time curves of MED. 
3.3.2. Explosive performance 
Fig. 5 is diesel explosion pressure versus time curve, maximum pressure after explosion is recorded as Pmax, and 
the corresponding time is set as t2, a pressure time (delay time set in the experiment, it is set to 300 ms in this 
experiment) trimmed by pressure is denoted by t1, then the average rise rate of pressure τ is: 
                                                               max
2 1
0.1= P P
t t t
W  '  '
                                                              (3) 
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Fig. 5. Explosion pressure curve versus time of diesel. 
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Fig. 6. Explosion pressure curve of diesel and MED. 
According to formula (3), the calculation results of MED explosion properties are listed in Table 4. 
Table 4. Explosion properties parameters of MED. 
Sample NO. Pmax/MPa τ/(MPa/s) Δt/ms 
-10# 0.57 2.81 167 
1 0.51 1.66 241 
2 0.51 1.80 227 
3 0.52 1.97 213 
4 0.48 1.47 258 
5 0.51 1.96 209 
 
It can be seen from Fig. 6 and Table 4 that the maximum explosion pressure of NO. -10 diesel is up to 0.57 MPa. 
By adding 10% water, the rise rate of explosion pressure and average explosion pressure of the micro-emulsion 
system, which has different alcohols as the co-surfactants, is reduced in different rate. The maximum explosion 
pressure of 1#, 2# and 5# MED is 0.06 MPa lower than that of the blank diesel; 3# MED has the smallest reduction 
range of 0.05 MPa; while 4 # MED has the largest declining rate in the maximum explosion pressure, which reaches 
0.09 MPa. In addition, the maximum explosion pressure of NO. -10 diesel occurs at 167 ms, the maximum 
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explosion pressure of MED is delayed compared with that of NO. -10 diesel. The longer the delay time, the lower 
the intensity of the reaction it indicates. 
MED is able to reduce the explosion pressure, the key factor is water. Since the boiling point of water is 100ć 
and the boiling point of oil is about 170ć. During the explosion, water vaporized firstly in the continuous phase, 
evaporation of water mainly has two types of function: (1) MED is atomized into fine droplets after the nozzle, part 
of heat is absorbed when water droplets evaporate, and oil vapor concentration is reduced at the same time, so that 
the explosion is not sufficient; (2) Because of the evaporation of water droplets, oil film wrapped in the periphery of 
water droplets is exploded into numerous finer droplets, which form new oil droplet under the action of surface 
tension. Thus, such atomized droplets can pose a secondary atomization through the nozzle in the combustion 
chamber [16]. Secondary atomization increases of contact area between the oil phase and the air, burns more fully 
and explode more dynamic. When actions of water’s evaporation and dilution are stronger than the secondary 
atomization of water, MED exhibits explosion suppression effect, the maximum explosion pressure drops at this 
time, and explosion time is delayed. Therefore, MED will has good explosion suppression effect by choosing the 
appropriate alcohol as co-surfactant, and it is very important to make actions of water’s evaporation and dilution in 
MED greater than secondary atomization of water. Taking maximum explosion pressure and the time when 
maximum explosion pressure appears as measurement criteria, MED with five kinds of alcohol as co-surfactants can 
be ranked according to their explosion suppression capabilities: n-octanol > n-pentanol > hexanol > decanol > n 
heptanol. 
4. Conclusions 
(1) Compound the oleic acid and mono-ethanolamine as the emulsifier in a certain percentage, prepare MED 
respectively with n-pentanol, n-hexanol, heptanol, n-octanol and n-decanol as co-surfactants. The average sizes of 
the MED’s W/O particles all are smaller than 30 nm. Among them, the smallest W/O average particle size of MED 
with Oc-tanol as co-surfactant is 16.1 nm, with uniform particle size distribution. 
(2) Compared with flash point of NO. -10 diesel, flash point of MED with n-octanol as co-surfactant rises slightly, 
and those of MED with remaining four kinds of alcohol as co-surfactant are reduced in different degree. MED 
condensation points have not obvious relationship with the changes of co-surfactant types, viscosities of different 
MED are 1.7 to 3 times higher than that of NO. -10 diesel. 
(3) MED with n-octyl and n-decyl alcohol as co-surfactant cannot combust sustainably; the sustainable 
combustion time of MED with n-pentanol, n-hexanol and n-heptanol as cosurfactant has been significantly reduced 
compared with that of NO. -10 diesel. The order of fire resistant is n-octanol > n-decanol > hexanol > pentanol > n-
heptanol. 
(4) Explosion pressure and pressure rise rate of MED is reduced compared with that of NO. -10 diesel. When 
taking octanol as the co-surfactant, MED’s has the best explosion suppression properties, the maximum explosion 
pressure and pressure rise rate are respectively 0.09 MPa and 1.34 MPa/s reduced compared with those of NO. -10 
diesel. 
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